INTRODUCTION
The Na ϩ ,K ϩ -ATPase, or sodium pump, is expressed ubiquitously in virtually all tissues and plays a key role in the maintenance of intracellular electrolyte homeostasis (Skou and Esmann, 1992) . The Na ϩ ,K ϩ -ATPase consists of two subunits. The catalytic ␣-subunit contains 10 transmembrane domains as well as sites for ion recognition, inhibitor binding, and protein kinase A and C (PKA and PKC, respectively) phosphorylation (Therien and Blostein, 2000) . The glycoprotein ␤-subunit has a single transmembrane domain. It is also essential for the functional expression of Na ϩ ,K ϩ -ATPase and is involved in the pump's structural and functional maturation (Scheiner-Bobis and Farley, 1994) . Structural and biochemical studies demonstrate that the domain from TM4 to TM5 of the Na ϩ ,K ϩ -ATPase ␣-subunit forms a large intracellular loop that is important for the pump's catalytic cycle. It contains both the ATP-binding site and the pump's site for catalytic phosphorylation (Ohtsubo et al., 1990) . The ATP hydrolysis accomplished by this domain provides the energy that the pump invests in Na ϩ and K ϩ transport. G-protein-coupled receptors (GPCRs) constitute a very large family that mediate the binding and response to hormones such as dopamine (Narkar et al., 2002) , parathyroid hormone (PTH; Khundmiri and Lederer, 2002) , adrenalin (Mallick et al., 2000; Brismar et al., 2002) , and arginine vasopressin (Djelidi et al., 2001) , which are known to control the activity and trafficking of the Na ϩ ,K ϩ -ATPase. It has been demonstrated that the trafficking and signaling of GPCRs are regulated by arrestins (Wang and Limbird, 2002; Shenoy and Lefkowitz, 2003; Tan et al., 2004; Wang et al., 2004a) , spinophilin (Smith et al., 1999; Brady et al., 2003; Wang et al., 2004a) , and 14-3-3 proteins (Prezeau et al., 1999; Couve et al., 2001; Tazawa et al., 2003) through direct associations. Among four isoforms of arrestins, arrestin 2 (also called ␤-arrestin 1) and arrestin 3 (also called ␤-arrestin 2) regulate the trafficking and signaling of GPCRs (Attramadal et al., 1992; Parruti et al., 1993) . Arrestin induces endocytosis and down-regulation of activated receptors that are phosphorylated by G-protein-coupled receptor kinases (GRKs). Spinophilin antagonizes arrestin binding through inhibition of GRK phosphorylation of GPCRs and prolongs signaling by preventing receptor internalization. Recent studies indicate that a membrane protein unrelated to the GPCRs, Na ϩ /H ϩ exchanger NHE5 isoform, associates with arrestins, and this association leads to a decrease in the cell surface expression of NHE5 (Szabo et al., 2005) . Moreover, the NHE3 Na ϩ /H ϩ exchanger isoform, which is closely related to NHE5, is also regulated by hormones, including dopamine Pedrosa et al., 2004) , PTH (Wang et al., 2004b) , and adrenalin (Liu et al., 1997; Liu and Gesek, 2001) through the action of GPCRs. It has been shown that the Na ϩ ,K ϩ -ATPase interacts with -isoform of 14-3-3 during endocytosis after dopamine stimulation (Efendiev et al., 2005) . Here we show that the Na ϩ ,K ϩ -ATPase associates with arrestin, spinophilin, GRK, and 14-3-3 and that these proteins modulate the trafficking of the Na ϩ ,K ϩ -ATPase.
MATERIALS AND METHODS

Antibodies
Anti-Na ϩ ,K ϩ -ATPase monoclonal antibodies 6H and ␣5 are directed against the amino terminus of the rat Na ϩ ,K ϩ -ATPase ␣-subunit (Pietrini et al., 1992) This article was published online ahead of print in MBC in Press (http://www.molbiolcell.org/cgi/doi/10.1091/mbc.E06 -08 -0711) on September 5, 2007. and an epitope between residues 338 -724 of the chicken Na ϩ ,K ϩ -ATPase (Ishii et al., 1994) , respectively. Anti-H ϩ ,K ϩ -ATPase polyclonal antibody HK9 is directed against the amino terminus of the H ϩ ,K ϩ -ATPase ␣-subunit (Gottardi and Caplan, 1993) . Anti-HA antibody was obtained from Covance (Berkeley, CA) and anti-flag antibody was from Sigma (St. Louis, MO). Anti-arrestin 2 and 3 antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA).
Plasmid Construction
The A domain of the rat Na,K-ATPase ␣-subunit was amplified by PCR (Pagel et al., 2003) . This construct was subcloned as a BamHI/EcoRI fragment into the pGEX-4T-3 vector (Amersham Pharmacia, Piscataway, NJ) to produce a cDNAs encoding a glutathione S-transferase (GST)-fusion protein. The large cytoplasmic loop connecting the TM4ϩTM5 of the Na ϩ ,K ϩ -ATPase ␣-subunit was amplified by PCR with primers that included EcoRI and Not I restriction sites. The PCR fragment was subcloned into pGEX-4T-3 vector, in which the insert was fused to the carboxy terminus of GST. To generate deletions, BspEI, ClaI, MfeI, and HindIII sites were introduced in the pGEX-4T3 construct by creating silent mutations. Mutated constructs were digested with NotI plus BspEI, NarI, ClaI, MfeI, or HindIII for C-terminal deletions or EcoRI and ClaI for the N-terminal deletion. Small fragments were removed by agarose gel electrophoresis, blunt ends were introduced with pfu DNA polymerase, and the modified constructs were recircularized by ligation. The H85N chimera, which is composed of the H ϩ ,K ϩ -ATPase (from amino acid 1-85) and the Na ϩ ,K ϩ -ATPase (from amino acid 86 to the C-terminus), was subcloned into the mammalian expression vector pCB6 as previously described (Dunbar et al., 2000) . Spinophilin was myc-tagged at the amino terminus by generating a PCR fragment in which the initiating codon was replaced by a SalI site. This fragment was cloned in frame along with the 3Ј remainder of the spinophilin cDNA into the eukaryotic expression vector pMyc-RK5. Flag-tagged spinophilin was amplified by PCR with primers that included KpnI and XbaI restriction sites and a sequence encoding a flag epitope tag. Arrestin 2 and 3, GRK 2 and 3, and 14-3-3 and were cloned by PCR from a human kidney cDNA library. PCR was performed with primers that included KpnI and XbaI restriction sites and sequences encoding flag or hemagglutinin (HA) epitope tags. The flag or HA tags were fused to the amino termini for arrestins and 14-3-3 proteins and to the carboxyl termini for GRK 2 and 3. The PCR fragments were subcloned into the mammalian expression vector pcDNA 3.1(ϩ). All PCR primer sequences are available on request.
Cell Culture and Transfection
COS cells and LLC-PK1 cells were cultured in a humidified incubator under 5% CO 2 in ␣-MEM (GIBCO, Carlsbad, CA) supplemented with 10% fetal bovine serum, 2 mM l-glutamine, 50 U/ml penicillin, and 50 g/ml streptomycin. DNA transfection in COS cells was performed with Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions, and assays were performed 30 h after transfection. LLC-PK1 cells were used for stable transfection. LLC-PK1 cells were transfected by the calcium phosphate method and selected in 0.5 mg/ml hygromycin B. Expression of arrestins and spinophilin was confirmed by Western blot and immunofluorescence.
Immunohistochemistry
Mice were anesthetized and the internal organs were fixed as described by Biemesderfer et al. (1992) . The brains were cut at 2-m thickness on a CM 3050S cryostat. Tissue was incubated with anti-arrestin 2 or spinophilin polyclonal antibodies and anti-Na ϩ ,K ϩ -ATPase mAb, 6H, followed by antimouse Alexa Fluor 594 -and anti-rabbit Alexa Fluor 488 -conjugated IgG (Molecular Probes, Eugene, OR). For transient expression in COS cells, COS cells were washed with phosphate-buffered saline (PBS) containing 1 mM MgCl 2 , and 0.1 mM CaCl 2 (PBS 2ϩ ) fixed in cold methanol for 7 min and washed three times with PBS 2ϩ . Fixed cells were permeabilized in permeabilization buffer (0.1% bovine serum albumin [BSA], 1% Triton X-100 in PBS 2ϩ ) for 15 min and blocked in goat serum dilution buffer (GSDB; 10% goat serum, 1% Triton X-100, and 10 mM glycine in PBS 2ϩ ) for 30 min. Cells were incubated with primary antibodies diluted in GSDB buffer for 1 h at room temperature and washed three times with permeabilization buffer and then incubated with fluorescein isothiocyanate-conjugated goat anti-mouse IgG (Sigma) and rhodamine-conjugated goat anti-rabbit IgG (Chemicon, Temecula, CA) diluted in GSDB buffer for 1 h, after which they were washed three times in PBS 2ϩ and once in water. Cells were mounted in Vectashield (Vector Laboratories, Burlingame, CA). Fluorescence was visualized with a Zeiss LSM 410 laser confocal microscope (Thornwood, NY). Images are the product of eightfold line averaging. Contrast and brightness settings were chosen so that all pixels were within the linear range.
In Vitro Transcription/Translation and GST Pulldown Assay
In vitro translation was performed with the TNT-coupled reticulocyte lysate system (Promega, Madison, WI) according to the product manual. Flagtagged arrestin 2 or flag-tagged spinophilin in pcDNA3.1, which has a T7 promoter, was used as a template. A pGEX construct including the large cytoplasmic loop of the Na ϩ ,K ϩ -ATPase ␣-subunit was transformed into Escherichia coli BL-21. The expression of GST fusion protein was induced with 0.1 mM IPTG (isopropyl-1-thio-␤-d-galactopyranoside), and a protein extract was prepared with 1% Triton X-100 in PBS. The extract was incubated with glutathione-Sepharose 4B beads (Amersham Pharmacia, Piscataway, NJ) for 6 h at 4°C. Nonspecific binding was blocked with 0.1% BSA in PBS for 1 h and beads were incubated with translated products. After incubation, these beads were washed four times with washing buffer containing 1% Tween 20, 1% NP-40, 500 mM NaCl, and 10 mM Tris-HCl, pH 8, and one time with PBS. Specifically adherent polypeptides were eluted in SDS-PAGE sample buffer and analyzed by SDS-PAGE and Western blotting.
Immunoprecipitation
Transfected cells were incubated with 1 ml of lysis buffer containing 1% Triton X-100, 150 mM NaCl, 5 mM MgCl 2 , and 25 mM Tris-HCl, pH 7.4, for 30 min at 4°C. Insoluble material was removed through centrifugation at 10,000 ϫ g for 30 min at 4°C. After centrifugation, 20 l of lysate was saved for the determination of protein expression. The rest of lysate was incubated with antibody and protein A-or protein G-agarose beads (Pierce, Rockford, IL). The bead complexes were washed four times with washing buffer containing 0.1% NP-40, 0.1% Tween 20, 500 mM NaCl, and 10 mM Tris-HCl, pH 8.0, and once with PBS. Proteins were eluted in SDS-PAGE sample buffer. The samples were separated by SDS-PAGE and analyzed by Western blotting.
Cell Fractionation by Continuous Sucrose Gradient Centrifugation
Transfected COS cells were washed with cold PBS and incubated for 10 min on ice in hypotonic buffer containing 10 mM Tris-HCl, pH 7.4, and 0.5 mM MgCl 2 . Cells were homogenized with 25 strokes in a close-fitting dounce homogenizer. An equivalent volume of sucrose solution containing 0.5 M sucrose, 5 mM MgCl 2 , 25 mM KCl, and 50 mM Tris-HCl, pH 7.4, was added and the mixture was homogenized again with another 25 strokes. The homogenate was layered onto a 1.02 to 0.25 M sucrose gradient and centrifuged at 100,000 ϫ g for 2 h. Twenty fractions were collected from the top to the bottom. These fractions were analyzed by Western blotting.
Biotinylation and Internalization Assays
LLC-PK1 cells which were stably transfected with cDNAs encoding arrestins, spinophilin, or empty vector (mock) were grown to confluence on 24-mm diameter Transwell filter inserts (Corning Costar, Acton, MA). Cells were washed in ice-cold PBS 2ϩ and incubated with 2.5 mM Sulfo-NHS-SS-biotin (Pierce) in biotinylation buffer (10 mM triethanolamine, 2 mM CaCl 2 , 125 mM NaCl 2 , pH 7.4) for two times for 20 min. Excess biotin was quenched 3 ϫ 5 min with 100 mM glycine in PBS 2ϩ . For internalization assays, cells were placed in media heated to 37°C and allowed to incubate at 37°C for 30 min. For MesNa stripping, cells were removed from the incubator, washed with ice-cold PBS 2ϩ , and incubated 3 ϫ 20 min at 4°C in MesNa solution (100 mM sodium 2-mercaptoethanesulfonate, 100 mM NaCl, 1 mM EDTA, 0.2% BSA, and 50 mM Tris, pH 8.6). Excess MesNa was quenched by incubating the cells in 120 mM iodoacetic acid in PBS 2ϩ for three times for 5 min. Samples were incubated in lysis buffer for 30 min at 4°C, and insoluble material was removed by centrifugation at 10,000 ϫ g for 30 min at 4°C. The supernatant was rotated overnight at 4°C with streptavidin-conjugated agarose beads (Pierce). The bead complexes were washed four times with lysis buffer and one time with PBS. Proteins were eluted in SDS-PAGE sample buffer. The samples were separated by SDS-PAGE and analyzed by Western blotting.
Purification of the Na
؉ ,K
؉ -ATPase from Rabbit Kidney
A rabbit was anesthetized with pentobarbital, and the kidneys were removed. The kidneys were washed with cold His-Sucrose buffer containing 30 mM histidine and 250 mM sucrose, pH 7.2, and homogenized. The homogenate was centrifuged at 6000 ϫ g for 30 min, and the supernatant was retained. The pellet was resuspended in His-sucrose buffer, homogenized, and centrifuged again. The supernatants were combined and centrifuged at 50,000 ϫ g for 30 min. The pellet was resuspended in imidazole-EDTA buffer containing 25 mM imidazole and 1 mM EDTA, pH 7.2. The microsome pellet was incubated with 10 mg/ml BSA and 0.75 mg/ml SDS for 5 min at 22°C. To this mixture, one-fifth volume of 10 mg/ml BSA was added and centrifuged at 50,000 ϫ g for 60 min. The pellet was resuspended in imidazole-EDTA buffer. The ouabain-sensitive specific activity of this preparation purified of Na ϩ ,K ϩ -ATPase was 46.5 mol Pi/mg/h.
In Vitro Phosphorylation of the Na
؉ ,K ؉ -ATPase Purified Na ϩ ,K ϩ -ATPase was prepared from rabbit kidney as described above. GST fusion proteins, including the large cytoplasmic loop of the Na ϩ ,K ϩ -ATPase ␣-subunit, were prepared as described above in reference to the GST pulldown assay. HA-tagged GRK 2 and 3 were expressed in COS cells, and cells were lysed in buffer containing 2% CHAPS, 150 mM NaCl, 5 mM MgCl 2 , and 25 mM Tris-HCl, pH 7.4. GRKs were purified by immunoprecipitation with HA antibody. Immunocomplexes were washed three times with lysis buffer and two times with phosphorylation buffer containing 1.2 mM CaCl 2 , 10 mM MgCl 2 , and 50 mM HEPES, pH 7.5. Purified Na ϩ ,K ϩ -ATPase or GST fusion protein (2 g) were mixed with the GRK immunoprecipitates in phosphorylation buffer. Phosphorylation was initiated by addition of 100 M ATP containing [␥- 32 P]ATP (10 Ci) and terminated after 30 min of incubation at 22°C through the addition of SDS-PAGE sample buffer. Samples were subjected to SDS-PAGE, and the gels were dried and analyzed by autoradiography.
RESULTS
Localization of Na
؉ ,K ؉ -ATPase, Spinophilin, and Arrestin 2 and 3 in Mouse Kidney and Choroid Plexus To confirm that the Na ϩ ,K ϩ -ATPase, spinophilin, and arrestins localize to the same subcellular structures in physiologically relevant tissues, immunocytochemistry was performed on sections prepared from mouse kidney (Figure 1 There are four isoforms of arrestin, and it has been shown that arrestin 2 (Parruti et al., 1993) and arrestin 3 (Attramadal et al., 1992) interact with GPCRs. Arrestin 2 was expressed at apical and basal membranes and in intracellular compartments in renal tubule cells (D), and the Na ϩ ,K ϩ -ATPase and arrestin 2 were partially colocalized primarily at intracellular structures (F). Arrestin 3 was expressed at the basolateral membrane in renal tubule cells (G). We were not able to perform double staining with arrestin 3 and the Na ϩ ,K ϩ -ATPase because both antigens were detected with mouse antibodies, but comparison of their individual distributions suggest that they were colocalized. Because spinophilin is highly expressed in brain, brain sections were also examined. Choroid plexus forms the blood-cerebrospinal fluid barrier, and through its activity it plays a key role in the governing composition of the cerebrospinal fluid. The Na ϩ ,K ϩ -ATPase is expressed at the apical membrane in epithelial cells of the choroid plexus ( Figure 1 , I and L; Masuzawa et al., 1984; Siegel et al., 1984) . Spinophilin was also expressed at or close to the apical membrane ( Figure  1H ). The Na,K-ATPase and arrestin are colocalized at the apical membrane and in intracellular compartments of choroid plexus epithelial cells ( Figure 1 , K-M). Unlike the Na ϩ ,K ϩ -ATPase, arrestin 3 was expressed at the basolateral surfaces of choroid plexus epithelial cells ( Figure 1N ).
GST Pulldown Using In Vitro-translated Products
To determine whether arrestin and spinophilin bind directly to the Na ϩ ,K ϩ -ATPase ␣-subunit, we performed a GST pulldown assay (Figure 2 ). Flag-tagged spinophilin and arrestin 2 were prepared by in vitro translation in reticulocyte lysates and subjected to pulldown assays with a GST fusion protein incorporating the large cytoplasmic loop of the Na ϩ ,K ϩ -ATPase. Bound spinophilin or arrestin was detected by Western blot with anti-flag antibody. There was no binding of spinophilin or arrestin 2 with GST alone. In contrast, the large cytoplasmic loop of the Na ϩ ,K ϩ -ATPase ␣-subunit pulled down both spinophilin and arrestin. These results indicate that the Na ϩ ,K ϩ -ATPase is capable of binding to both arrestin and spinophilin.
Characterization of the Interaction of the Large Cytoplasmic Loop of the Na
؉ ,K ؉ -ATPase with Arrestin and Spinophilin GST pulldown studies revealed that arrestin and spinophilin associate with the large cytoplasmic loop of the Na
To narrow down the domain that constitutes the interaction site, deletion constructs were used in the GST pulldown assay. The Na ϩ ,K ϩ -loop is comprised of 415 amino acids. We generated constructs in which the C-terminal side of the GST-Na ϩ ,K ϩ -loop fusion protein was truncated stepwise ( Figure 3A) . A truncation at the N-terminal side of the Na ϩ ,K ϩ -loop was also generated. The GST fusion proteins were expressed in E. coli and purified. Protein levels were measured by analysis of Coomassiestained gels (data not shown). GST pulldown with cell lysates that transiently expressed flag-tagged arrestin 2 (Figure 3B) or spinophilin ( Figure 3C ) was performed. Arrestin 2 was pulled down by all deletion constructs except for d238. This result indicates that 53 amino acids at the Nterminal of the Na ϩ ,K ϩ -loop are sufficient for binding with arrestin 2. On the other hand, all constructs including the complementary constructs d238 and 238⌬ pulled down spinophilin. This result shows that there must be at least two interacting sites for spinophilin in the Na ϩ ,K ϩ -loop. The 343⌬ fusion protein always showed much better binding than the full-length Na ϩ ,K ϩ -loop. It is possible therefore, that sequences located in the 72 amino acids at the C-terminus in the Na ϩ ,K ϩ -loop exert an inhibitory effect on spinophilin association.
Coimmunoprecipitation of the Na
؉ ,K ؉ -ATPase ␣-Subunit and Arrestin 2 Immunoprecipitation was performed from kidney tissue to determine whether the Na ϩ ,K ϩ -ATPase associates with arrestin 2 in situ using goat anti-arrestin 2 antibody or goat serum as a negative control ( Figure 4A ). The Na ϩ ,K ϩ -ATPase ␣-subunit that associated and coprecipitated with arrestin 2 was detected by Western blotting with anti-Na ϩ ,K ϩ -ATPase ␣-subunit antibody. Arrestin 2 antibody clearly coprecipitated the Na ϩ ,K ϩ -ATPase ␣-subunit. This result supports the conclusion that the Na ϩ ,K ϩ -ATPase associates with arrestin 2 and forms a stable complex in situ.
Next, we investigated the dependence of the interaction between the Na ϩ ,K ϩ -ATPase and the arrestin 2 upon the expression of spinophilin. For these experiments, COS cells were cotransfected with cDNAs encoding arrestin 2 as well as a cDNA encoding the H85N chimera ␣-subunit construct. H85N is a chimera in which the first 85 residues of the Na ϩ ,K ϩ -ATPase ␣-subunit are replaced by those of the gastric H ϩ ,K ϩ -ATPase. This chimera manifests functional properties identical to those of the Na ϩ ,K ϩ -ATPase and is recognized by the HK9 antibody directed against the N-terminus of the H ϩ ,K ϩ -ATPase ␣-subunit (Dunbar et al., 2000) . Figure  4B shows Western blot patterns of transfected COS cell lysates subjected to immunoprecipitation with the HK9 antibody and then detected with the anti-flag antibody, which recognizes the exogenous arrestin 2. As expected, when cells were transfected only with arrestin 2, no arrestin was observed in the HK9 immunoprecipitate. In contrast, we found that arrestin 2 was immunoprecipitated when H85N was coexpressed with arrestin 2. Coexpression of spinophilin, however, blocked association of H85N and arrestin 2. Furthermore, spinophilin must be expressed in the same cells as H85N and arrestin to inhibit interaction, because mixing lysate from cells expressing spinophilin with lysate from cells expressing H85N and arrestin 2 did not affect the interaction between H85N and arrestin. When expressed in the same cells, arrestin and spi- In vitro translation of spinophilin or arrestin and pulldown with a GST construct incorporating the large cytoplasmic loop of the Na,K-ATPase ␣-subunit. Flag-tagged spinophilin and arrestin proteins were prepared by in vitro translation, and GST pulldown was performed with GST alone or GST plus the large cytoplasmic loop of the Na ϩ ,K ϩ -ATPase. Spinophilin (A) and arrestin (B) were detected by Western blot with anti-flag antibody. Both spinophilin and arrestin directly associate with the large cytoplasmic loop of the Na,K-ATPase ␣-subunit. Typical results from one of three experiments are shown. Figure 3 . Truncation constructs of the large cytoplasmic loop of the Na ϩ ,K ϩ -ATPase ␣-subunit and GST pulldown of arrestin 2 and spinophilin. (A) Schematic representations of the GST fusion protein constructs incorporating various deletions in the large cytoplasmic loop of the Na ϩ ,K ϩ -ATPase ␣-subunit. ⌬s correspond to the Cterminal deletions, whereas d238 is the N-terminal deletion of the large cytoplasmic loop. The numbers refer to the residues that correspond to the C-terminal ends or, in the case of the d238 construct, the N-terminal end, of the pump sequence in the GST construct. (B) Flagtagged arrestin 2 was expressed in COS cells, and cell lysate was incubated with GST fusion proteins. Arrestin 2 was detected by Western blot with anti-flag antibody. The 53 amino acids at the extreme N-terminal end of the large cytoplasmic loop of the Na nophilin did not coimmunoprecipitate (data not shown). As shown in Figure 4C , arrestin 3 was also coimmunoprecipitated with the H85N ␣-subunit. Arrestin 3 binding with H85N ␣-subunit was diminished by coexpressing spinophilin, consistent with the results obtained with arrestin 2. These results suggest that, like GPCRs, the Na ϩ ,K ϩ -ATPase may be regulated by arrestin and spinophilin.
Gastric H ϩ ,K ϩ -ATPase is a member of the P-type ATPase family and a very close relative of the Na ϩ ,K ϩ -ATPase. The H ϩ ,K ϩ -ATPase is composed of two subunits and has the same topology as the Na
and ␤-subunits and flag-tagged arrestin 2 were transiently coexpressed in COS cells, and immunoprecipitation was performed with HK9 antibody ( Figure 4D ). Arrestin 2 was not pulled down with the H ϩ ,K ϩ -ATPase. We confirmed that the H ϩ ,K ϩ -ATPase ␤-subunit was precipitated with the H ϩ ,K ϩ -ATPase ␣-subunit under these conditions (data not shown). This result demonstrates that there is specificity in arrestin binding among similar P-type ATPases.
Effect of Arrestin and Spinophilin on the Localization of the Na
؉ ,K ؉ -ATPase It has been shown that arrestins and spinophilin regulate the trafficking of GPCRs. Recent studies also showed that cell surface expression of the Na ϩ /H ϩ exchanger NHE 5 was decreased by overexpression of arrestin. Therefore, we investigated the effect of arrestin and spinophilin on the localization of the Na ϩ ,K ϩ -ATPase ( Figure 5 ). COS cells were transfected with flag-arrestin 2 alone or flag-arrestin 2 plus myc-spinophilin, and cells were stained with flag antibody for arrestin 2 ( Figure 5, A, D, and G) , the Na ϩ ,K ϩ -ATPase antibody for endogenous Na ϩ ,K ϩ -ATPase ( Figure 5 , B and E), and anti-myc antibody for spinophilin ( Figure 5H ). When cells were transfected arrestin 2 alone, arrestin 2 was expressed predominantly in association with intracellular structures ( Figure 5A ). The Na ϩ ,K ϩ -ATPase was also redistributed to intracellular structures ( Figure 5B ) and was colocalized with arrestin 2 ( Figure 5C ). In the presence of spinophilin, however, the effect of arrestin 2 was abolished. The Na ϩ ,K ϩ -ATPase did not colocalize with arrestin 2 (Figure 5F ) and was expressed primarily at the cell surface ( Figure 5E ), as is the Na ϩ ,K ϩ -ATPase in untransfected cells (data not shown). Spinophilin was expressed mainly at plasma membrane either in the presence or absence of arrestin 2 ( Figure 5H ). The expression of arrestin 2 was also altered by spinophilin expression. In the presence of spinophilin, arrestin was found at the plasma membrane (Figure 5G) . Arrestin 3 had an effect similar to that of arrestin 2 (data not shown). These results are consistent with the immunoprecipitation results and indicate that arrestin and spinophilin regulate Na ϩ ,K ϩ -ATPase trafficking through direct associations between the Na ϩ ,K ϩ -ATPase and arrestin 2. It appeared that arrestin overexpression led to relocalization of the Na ϩ ,K ϩ -ATPase to intracellular compartments. This phenomenon was confirmed by sucrose gradient centrifugation ( Figure 6 ). Na ϩ ,K ϩ -ATPase was not detected in fractions 1-11, the lightest gradient fractions, in mock-transfected or arrestin-expressing cells (data not shown). In the mock-transfected cells, the Na ϩ ,K ϩ -ATPase was broadly distributed in all of the fractions from numbers 12-20. On the other hand, in transfected cells expressing arrestin, the distribution of the Na 
Effect of Arrestin and Spinophilin on the Internalization of the Na
؉ ,K ؉ -ATPase As shown in Figures 5 and 6 , the Na ϩ ,K ϩ -ATPase was associated with intracellular compartments at steady state when cells overexpressed arrestin. To quantify the extent of Na ϩ ,K ϩ -ATPase internalization from the cell surface, we performed cell-surface biotinylation and surface stripping experiments. Stable cell lines expressing a mock plasmid, arrestin 2 or 3, or spinophilin were generated in the pig proximal tubule cell line, LLC-PK 1 cells. It should be noted that these LLC-PK 1 cells express spinophilin endogenously (data not shown). In the first experiment, LLC-PK 1 cells were biotinylated with biotin-SS-N-hydroxysuccinimide ester at 4°C. Duplicate samples were then incubated at 37°C in the presence of PMA for 30 min to stimulate Na ϩ ,K ϩ -ATPase endocytosis (Chibalin et al., 1999) . Cells were returned to 4°C, and one plate was stripped of the remaining cell-surface biotin by exposure to the membrane-impermeant reducing agent MesNa. The cells were lysed in detergent and the lysates were incubated with streptavidin beads. Proteins that associated with the streptavidin beads were separated by SDS-PAGE, transferred to polyvinylidene fluoride (PVDF), and probed with the anti-Na ϩ ,K ϩ -ATPase ␣-subunit antibody. Figure 7A shows typical Western blotting results from these internalization experiments, and Figure 7B shows the ratio of internalized (stripϩ) Na ϩ ,K ϩ -ATPase, to the total pool of the biotinylated Na ϩ ,K ϩ -ATPase (stripϪ). Mock-transfected cells exhibited a low level of internalization, even in the presence of PMA. When arrestin 2 or 3 were expressed, internalization of the Na ϩ ,K ϩ -ATPase was increased by about twofold compared with mock-transfected cells. Overexpression of spinophilin had no effect on the internalization of the Na ϩ ,K ϩ -ATPase. Endogenous spinophilin may exist in sufficient quantities to stabilize the Na ϩ ,K ϩ -ATPase at plasma membrane. These results also support the model that arrestins modulate the trafficking of the Na ϩ ,K ϩ -ATPase in a manner similar to their effect on GPCRs.
Coimmunoprecipitation of the Na
؉ ,K ؉ -ATPase ␣-Subunit and GRKs The association between GPCRs and arrestin depends on phosphorylation of the receptors by GRKs. We wondered, therefore, whether the Na ϩ ,K ϩ -ATPase could associate with GRK 2 (also called ␤-adrenergic receptor kinase1) or GRK 3 (also called ␤-adrenergic receptor kinase 2). COS cells were transfected with HA-GRK 2 or HA-GRK 3 together with H85N in the absence or presence of spinophilin. Immunoprecipitation was performed with HK9 antibody, and GRK 2 or 3 were detected by Western blotting with anti-HA antibody (Figure 8 ). Both GRK 2 ( Figure 8A ) and GRK 3 ( Figure  8B ) were immunoprecipitated with the H85N ␣-subunit. These associations were inhibited in the presence of spinophilin. The results indicate that the Na ϩ ,K ϩ -ATPase can associate with GRKs and may, therefore, be substrates for GRKs.
In Vitro Phosphorylation of the Na
؉ ,K ؉ -ATPase by GRKs Next, we investigated whether the Na ϩ ,K ϩ -ATPase can be phosphorylated by GRK 2 or 3 in vitro (Figure 9 ). GRK 2 and 3 were prepared by immunoprecipitation from transiently transfected COS cells. When the Na ϩ ,K ϩ -ATPase was incubated with material immunoprecipitated from mock-transfected cells, little or no Na ϩ ,K ϩ -ATPase phosphorylation was observed (Figure 9, A and B) . After incubation with immunoprecipitated GRK 2 or 3, the Na ϩ ,K ϩ -ATPase was phosphorylated. In the presence of ouabain, which is a spe- cific inhibitor of the Na ϩ ,K ϩ -ATPase, somewhat stronger phosphorylation by both GRK 2 and 3 was observed. The ouabain-stimulated GRK 2-catalyzed phosphorylation of the Na ϩ ,K ϩ -ATPase was prevented by the addition of GRK 2 inhibitor ( Figure 9A ).
We also analyzed the phosphorylation of GST fusion proteins incorporating the large cytoplasmic loop ( Figure 9D ) or the A-domain ( Figure 9E ) of the Na,K-ATPase ␣-subunit. In a control experiment, no phosphorylation of GST was observed with either GRK 2 or 3 ( Figure 9C ). On the other hand, the Na ϩ ,K ϩ -loop construct was strongly phosphorylated by GRK 2 and 3, and GRK 2 phosphorylation was inhibited by GRK 2 inhibitor. The extent or apparent affinity of the interaction between the Na ϩ ,K ϩ -loop construct and arrestin was not influenced by in vitro GRK 2 or 3 phosphorylation (data not shown).
The A-domain of the Na ϩ ,K ϩ -ATPase consists of the Nterminal and a small cytoplasmic loop between TM 2 to TM3 of the ␣-subunit (Toyoshima and Mizutani, 2004) . This domain includes both PKC phosphorylation (Therien and Blostein, 2000) and 14-3-3 binding sites (Efendiev et al., 2005) . It has been shown that 14-3-3 binding to the Na ϩ ,K ϩ -ATPase depends on PKC phosphorylation (Efendiev et al., 2005) . It has been also demonstrated that 14-3-3 proteins bind and regulate GPCRs (Prezeau et al., 1999; Couve et al., 2001; Tazawa et al., 2003) . We tested whether the A-domain could be phosphorylated by GRKs ( Figure 9E ). We found that both GRK 2 and 3 can phosphorylate the isolated A-domain of the Na 
Coimmunoprecipitations of the Na
؉ ,K ؉ -ATPase ␣-Subunit and 14-3-3 Proteins It has been shown that -isoform of 14-3-3 associates with GPCRs and regulates GPCR signaling (Prezeau et al., 1999; Couve et al., 2001) . Because arrestin and spinophilin bind to the Na ϩ ,K ϩ -ATPase, 14-3-3 may also associate with the Na ϩ ,K ϩ -ATPase and induce effects similar to those it exerts on GPCRs. Immunoprecipitation was performed to assess the possibility of an interaction between the Na ϩ ,K ϩ -ATPase and Xpress-tagged 14-3-3 . Figure 10A depicts Western blot patterns of immunoprecipitates obtained from transfected COS cell lysates with the HK9 antibody and an anti-Xpress antibody. 14-3-3 was not immunoprecipitated with the H85N ␣-subunit under any of the conditions tested, including 14-3-3 alone, together with arrestin 2, or with spinophilin. Figure 10B shows the effect of 14-3-3 on the association between arrestin 2 and the Na ϩ ,K ϩ -ATPase. Although 14-3-3 did not itself associate with the Na ϩ ,K ϩ -ATPase, it appeared to exert a modest inhibitory effect on arrestin binding to this pump.
It has been demonstrated that the N-terminal domain of the Na ϩ ,K ϩ -ATPase ␣-subunit interacts with 14-3-3 . This interaction increases the endocytosis of the Na ϩ ,K ϩ -ATPase through activation of phosphoinositide 3-kinase (Efendiev et al., 2005) . The H85N chimera in which the first 85 residues of the Na ϩ ,K ϩ -ATPase ␣-subunit are replaced by those of the , or spinophilin (spino) were grown on Transwell plates, and cells were biotinylated at 4°C. Cells were then incubated in culture medium at 37°C for 30 min in the presence of 1 M PMA to stimulate endocytosis. To measure the size of the internalized pool, biotin remaining at the cell surface was stripped with 2-mercaptoethanesulfonic acid, sodium salt (MesNa). Biotinylated proteins were recovered by precipitation with streptavidin-conjugated agarose beads. Total surface-biotinylated Na ϩ ,K ϩ -ATPase (nonstrip) and internalized Na ϩ ,K ϩ -ATPase (strip) were detected by Western blot with anti-Na,K-ATPase antibody, 6H. (B) When cells expressed arrestins, the extent of Na ϩ ,K ϩ -ATPase internalization was about twofold greater than that detected in mock-transfected cells. In contrast, cells expressing spinophilin exhibited roughly the same extent of internalization of the Na ϩ ,K ϩ -ATPase as mock cells. Typical results from one of eight experiments are shown. Error bars, SEM; statistically significant differences, *p Ͻ 0.05). gastric H ϩ ,K ϩ -ATPase does not contain the 14-3-3 binding site. COS cells were transfected with HA-tagged full-length Na ϩ ,K ϩ -ATPase ␣-subunit alone or together with flagtagged 14-3-3 proteins. Cell lysates were immunoprecipitated with flag antibody and Na ϩ ,K ϩ -ATPase was detected by Western blotting with anti-HA antibody. As expected, when cells expressed the Na ϩ ,K ϩ -ATPase and 14-3-3 , the Na ϩ ,K ϩ -ATPase was precipitated. On the other hand, 14-3-3 did not coprecipitate the Na ϩ ,K ϩ -ATPase. This result shows that the pump exhibits isoform specificity in binding 14-3-3 proteins. We also investigated the effect of arrestin 2 and spinophilin on the association between the Na ϩ ,K ϩ -ATPase and 14-3-3 ( Figure 10D ). COS cells were transfected with the HA-tagged Na ϩ ,K ϩ -ATPase ␣-subunit and 14-3-3 together with spinophilin or arrestin. Cell lysates were subjected to immunoprecipitation with the flag antibody, and then the Na ϩ ,K ϩ -ATPase was detected with the anti-HA antibody. 14-3-3 binding with the Na ϩ ,K ϩ -ATPase was completely blocked in the presence of spinophilin and arrestin. These results suggest that arrestin and spinophilin may regulate trafficking in part by inhibiting 14-3-3 association, as well as through their own direct binding to the Na
DISCUSSION
Arrestins, GRKs and spinophilin collaborate in the regulation of GPCR surface expression and activity. In this article we demonstrate that these same proteins act in very similar ways to modulate the function of the Na ϩ ,K ϩ -ATPase, a physiologically important effector of GPCR signaling. The Na ϩ ,K ϩ -ATPase is subject to regulation by a large number Xpress-14-3-3 alone, H85N plus Xpress-14-3-3 , or H85N, Xpress-14-3-3 and flag-arrestin 2 or spinophilin. Immunoprecipitation was performed with HK9 antibody and 14-3-3 was detected by Western blotting with anti-Xpress antibody. 14-3-3 was not immunoprecipitated with the H85N ␣-subunit under any of the conditions tested. (B) COS cells were transfected with flag-arrestin 2 alone, H85N plus flagarrestin 2, or H85N, flag-arrestin 2 and 14-3-3 . Immunoprecipitation was performed with HK9 antibody and arrestin 2 was detected by Western blotting with anti-flag antibody. 14-3-3 partially inhibited arrestin 2 binding with the Na of GPCR signaling processes. Norepinephrine, for example, acts through the ␣ 1A -adrenoceptor to increase the activity of the Na ϩ ,K ϩ -ATPase in rat brain by inducing its dephosphorylation (Mallick et al., 2000) . Vasopressin treatment of a rat cortical collecting duct cell line stimulates the translocation of the Na ϩ ,K ϩ -ATPase to the plasma membrane and decreases the quantity of pump associated with intracellular compartments (Djelidi et al., 2001) . PTH inhibits the activity of the Na ϩ ,K ϩ -ATPase in opossum kidney cells (Khundmiri and Lederer, 2002) . Dopamine also alters the functional properties of the Na ϩ ,K ϩ -ATPase. Through activation of a D 2 -like receptor, dopamine has been found to stimulate the activity of the Na ϩ ,K ϩ -ATPase in the proximal tubules of the kidney (Brismar et al., 2002; Narkar et al., 2002) . Dopamine has also been shown to inhibit the Na ϩ ,K ϩ -ATPase through D 1 -and D 2 -like receptors operating through the phospholipase C-PKC cascade and PKA-dependent pathways, respectively (Aperia et al., 1987; Bertorello and Katz, 1993; Baines and Drangova, 1997; Pinto-do et al., 1997; Khundmiri and Lederer, 2002) . In general the effects of GPCR signaling on sodium pump activity are thought to be mediated by the phosphorylation/dephosphorylation of the Na ϩ ,K ϩ -ATPase ␣-subunit at its PKC, PKA, or tyrosine phosphorylation sites, which in turn increases/decreases the size of the cell surface population and activity of the Na (Chibalin et al., 1999; Mallick et al., 2000; Djelidi et al., 2001; Narkar et al., 2002) . We propose a novel additional mechanism for GPCR-mediated regulation of Na,K-ATPase activity that involves arrestins, GRKs, spinophilin, and 14-3-3 proteins, the same cellular machinery that regulates signaling through the GPCRs themselves.
Four distinct mammalian arrestin proteins have been identified, two of which (visual and cone arrestins) are restricted to the phototransduction pathway. Two somatic forms, arrestin 2 (␤-arrestin 1) and arrestin 3 (␤-arrestin 2) are ubiquitously expressed and are thought to regulate signaling as well as internalization of many different heptahelical receptors (Sterne-Marr and Benovic, 1995) . Arrestins can also enhance the internalization and modulate the signaling of other classes of non-GPCR receptors, including single membrane-spanning receptors for insulin-like growth factor I (Lin et al., 1998) , transforming growth factor ␤ (TGF␤R-III; Chen et al., 2003) , and low-density lipoprotein (LDLR; Wu et al., 2003) . Recent studies have shown that the NHE5 isoform of the 12-membrane-spanning Na ϩ /H ϩ exchanger can also associate with arrestins. Furthermore, interactions with arrestins lead to a decreased cell surface expression of the NHE 5 (Szabo et al., 2005) . Interestingly, TGF␤R-III, LDLR and NHE 5 do not require any specific activation in order to be susceptible to arrestin effects. In the case of TGF␤R-III and LDLR, association with arrestins was found to be ligand independent and was associated with constitutive endocytosis. The arrestin effects on the cell surface expression and activity of NHE 5 also occur without the involvement any ligands or effectors. It remains unclear as to whether specific ligands or stimuli are required to induce the interaction of the Na ϩ ,K ϩ -ATPase with arrestins and thus to decrease cell surface expression via enhanced internalization. When we overexpressed arrestins in COS cells, we found that the Na ϩ ,K ϩ -ATPase was retained intracellularly in the absence of any added stimuli. On the other hand, expression of exogenous arrestins enhanced the internalization of the Na ϩ ,K ϩ -ATPase induced by PKC activation in LLC-PK 1 cells. Furthermore, GRK phosphorylation of the Na ϩ ,K ϩ -ATPase increased in the presence of ouabain. It is likely that there are cell type-specific influences on the effects induced by arrestins on Na ϩ ,K ϩ -ATPase trafficking and function, because the expression of other interacting proteins such as spinophilin, GRKs and 14-3-3 will modulate the influence of arrestins on pump function.
Spinophilin participates in a variety of processes in addition to those involving GPCR signaling. Spinophilin was originally identified and cloned based on its activity as a protein phosphatase 1 binding protein (Allen et al., 1997) . It serves as a targeting subunit for protein phosphatase 1 (PP-1), linking this enzyme to a variety of substrate phosphoproteins. PP-1 is known as one of the phosphatases that regulate the activity of the Na ϩ ,K ϩ -ATPase (Li et al., 1995) . Shortly after the original cloning of spinophilin, another group cloned Neurabin II based on its ability to act as a F-actin-binding protein (Satoh et al., 1998) . Neurabin II and spinophilin are one in the same protein. It has also been demonstrated that TGN38, which constitutively cycles between the trans-Golgi network (TGN) and the plasma membrane, interacts directly with spinophilin, and it has been suggested that spinophilin provides a link between TGNcontaining membranes and the actin cytoskeleton (Stephens and Banting, 1999) . These observations suggest that spinophilin may play key roles in several facets of the Na ϩ ,K ϩ -ATPase's complex life cycle, including connecting it to PP1 to regulate its activity, linking it to F-actin and thus to the actin cytoskeleton, and inhibiting its associations with arrestins, GRKs and 14-3-3.
Arrestin 2 and/or arrestin 3 associate with most classes of GPCRs, which exhibit agonist-evoked conformational changes and are susceptible to phosphorylation by GRKs. Spinophilin also interacts with at least two subfamilies of GPCRs; the ␣ 2 -adrenergic receptor subtypes (Richman et al., 2001; Wang and Limbird, 2002; Brady et al., 2003) and the D2 dopamine receptor (Smith et al., 1999) . Arrestins and spinophilin appear to act competitively in regulating these receptors. Arrestins accelerate signaling desensitization and receptor internalization, whereas spinophilin stabilizes the retention of receptors at the cell surface by preventing GRK phosphorylation and arrestin binding both in vitro and in vivo (Brady et al., 2003; Wang et al., 2004a) . Our observations suggest that arrestins and spinophilin may operate in a highly analaogous manner to modulate the function of the Na ϩ ,K ϩ -ATPase. Arrestins were able to associate with the Na ϩ ,K ϩ -ATPase, and this association increased the pump's internalization. Spinophilin blocked arrestin binding and inhibited GRK association, as well as arrestin-induced internalization of the Na ϩ ,K ϩ -ATPase. We were not able to show that GRK phosphorylation of the Na ϩ ,K ϩ -ATPase directly leads to arrestin binding to the sodium pump. Because spinophilin was able to compete the binding between both arrestin and GRK and the Na ϩ ,K ϩ -ATPase, it is possible that spinophilin may inhibit GRK phosphorylation of the Na ϩ ,K ϩ -ATPase and the sodium pump's association with arrestin in a manner similar to that observed with GPCRs. Alternatively, the inhibitory effects of spinophilin on interactions between the Na ϩ ,K ϩ -ATPase and arrestin or GRK may be due to overlapping interaction sites, as suggested by the GST pulldown study. This is the first evidence that arrestins and spinophilin can act competitively to regulate a nonreceptor membrane protein such as the sodium pump. Because the activities of many transport proteins and ion pumps are regulated by GPCR signaling, it is interesting to speculate that arrestins and spinophilin may influence other transport systems in a similar manner.
14-3-3 proteins bind and modulate the function of phosphorylated target proteins. Because the 14-3-3 isoform cooperates with arrestins and spinophilin to orchestrate the regulation of the ␣ 2 -adrenergic receptor (Prezeau et al., 1999; Wang and Limbird, 2002) , we expected that the Na ϩ ,K ϩ -ATPase might also associate with 14-3-3 . We were surprised to find, therefore, that 14-3-3 was not coimmunoprecipitated with the H85N ␣-subunit construct. During the preparation of this article, Efendiev et al. (2005) reported that the 14-3-3 isoform interacted with the Na ϩ ,K ϩ -ATPase at the N-terminus of the ␣-subunit. Because in the H85N ␣-subunit construct the first 85 residues of the Na ϩ ,K ϩ -ATPase are replaced with the complementary sequence from the gastric H,K-ATPase, we wondered whether this modification might have altered the capacity of the H85N construct to interact with 14-3-3 proteins. To test this possibility, we expressed a HA-tagged full-length Na ϩ ,K ϩ -ATPase ␣-subunit and assessed its ability to coimmunoprecipitate the 14-3-3 or isoforms. In contrast to the behavior found with the ␣ 2 -adrenergic receptor, 14-3-3 but not 14-3-3 coimmunoprecipitated with the Na ϩ ,K ϩ -ATPase. Similar inhibitory effects of arrestin and spinophilin on 14-3-3 association were detected, even though these proteins appear to interact with different domains of the Na ϩ ,K ϩ -ATPase ␣-subunit sequence. Different 14-3-3 isoform proteins may introduce specificity into the relationships between receptors and ion pumps. Recent studies show that the plasma membrane Ca 2ϩ-ATPase isoform 4, which, like the Na ϩ ,K ϩ -ATPase, belongs to the P-type ATPase family, also associates with the 14-3-3 isoform and this association leads to inactivation of the Ca 2ϩ -ATPase (Rimessi et al., 2005) . This interaction is isoform specific with respect to both the Ca 2ϩ -ATPases and the 14-3-3s, because the Ca 2ϩ -ATPase isoform 2 does not interact with the 14-3-3 isoform, and the Ca 2ϩ-ATPase isoform 4 does not coprecipitate with the 14-3-3 and isoforms. These findings are consistent with the premise that there is likely to be specificity in the interactions between signaling proteins and their effectors.
Arrestins participate in complexes with many interesting proteins that may contribute to the regulation of the Na ϩ ,K ϩ -ATPase or be involved in signaling through the Na ϩ ,K ϩ -ATPase. These include clathrin, clathrin adaptor protein AP-2, the nonreceptor tyrosine kinase Src, and the extracellular signal-regulated kinase 2 (ERK2), which is a member of the mitogen-activated protein kinase (MAPK) family (Claing et al., 2002; Shenoy and Lefkowitz, 2003; Lefkowitz and Shenoy, 2005) . It has been reported that the endocytosis of the Na ϩ ,K ϩ -ATPase in response to GPCRmediated signaling depends on clathrin and the AP-2 adaptor protein . Because we find that arrestins can bind directly to the Na ϩ ,K ϩ -ATPase, it is possible that arrestins may act as a linker that connects clathrin and clathrin adaptor proteins to the pump.
Recently it has become clear that, in addition to serving in its capacity as an ion pump, the Na ϩ ,K ϩ -ATPase is engaged in the assembly of multiple protein complexes that transmit signals to different intracellular compartments (Xie and Cai, 2003) . It has been demonstrated that the binding of the specific inhibitor ouabain to the Na ϩ ,K ϩ -ATPase causes rapid activation of Src family kinases in many different cell types, including cardiac myocytes, smooth muscle, and kidney epithelial cells (Xie and Cai, 2003) . It has also been demonstrated that ouabain is a potent promoter of ERK1/2 activation in rat renal epithelial cells (Dmitrieva and Doris, 2003) . It is interesting that several independent investigators have shown that mammalian tissues contain digitalis-like compounds, and they suggest that the Na ϩ ,K ϩ -ATPase is the principal molecular receptor for these putative endogenous signaling substances (Fishman, 1979; Haupert and Sancho, 1979; Lichtstein and Samuelov, 1980) . Digitalis-like compounds have been shown to be present in many mammalian tissues, including the brain, heart, and adrenal glands (Lichtstein et al., 1992) .
Here, we showed that arrestins are colocalized with the Na ϩ ,K ϩ -ATPase in the kidney and in the choroid plexus of the brain, which produces cerebrospinal fluid. We also found that arrestin coimmunoprecipitated with the Na In summary, we have identified three new families of binding partners that interact with the Na ϩ ,K ϩ -ATPase: arrestins, GRKs, and spinophilin. We have also found that these proteins regulate the trafficking of the Na ϩ ,K ϩ -ATPase. Future studies will be required to elucidate further the possible connections between signaling pathways involving GPCRs or digitalis-like compounds and interaction of the Na ϩ ,K ϩ -ATPase with arrestins, GRKs, spinophilin, and 14-3-3 proteins. We anticipate that these novel interactions will be involved in regulating the contributions of the Na ϩ ,K ϩ -ATPase to a variety of physiologically important processes.
